Tailoring the properties of a material at the nanoscale holds the promise of achieving hitherto unparalleled specificity of the desired behavior of the material. Key to realizing this potential of tailoring materials at the nanoscale are methods for rapidly estimating physical properties of the material at the nanoscale. In this paper, we report a method for simultaneously determining the topography, stiffness and dissipative properties of materials at the nanoscale in a probe based dynamic mode operation. The method is particularly suited for investigating soft-matter such as polymers and bio-matter. We use perturbation analysis tools for mapping dissipative and stiffness properties of material into parameters of an equivalent linear time-invariant model. Parameters of the equivalent model are adaptively estimated, where, for robust estimation, a multi-frequency excitation of the probe is introduced. We demonstrate that the reported method of simultaneously determining multiple material properties can be implemented in real-time on existing probe based instruments. We further demonstrate the effectiveness of the method by investigating properties of a polymer blend in real-time.
Introduction
Emergent functionality and novel properties of material can result from the physical proximity and geometric arrangement of atoms/molecules enabled by the control of matter at the atomic scale. Current needs of emerging fields, such as massive data storage and energy storage, include light weight and flexible materials with durability and stiffness that can be met with the design of material at the nanoscale. Such efforts of materials design and discovery at the atomic scale have to be accompanied by interrogation methods that have high spatial and temporal resolution to determine material properties at the nanoscale.
An important means of interrogating material at the nanoscale is based on the principles of atomic force microscopy. Ever since the invention of the probe based method of atomic force microscopes (AFMs) by Binnig et al in 1986 [1] , cantilever beams with a sharp tip at one end have been used to interrogate various material properties. A recent focus of probe researchers has been the quantitative imaging of material properties, particularly of properties other than topography, such as the stiffness and dissipation attributes, at the nanoscale. This focus has the potential to substantially further the impact of probe based methods on science and technology. Of particular importance is the design and interrogation of soft-matter, including polymers and bio-matter, which are increasingly being used in novel applications such as drug delivery, flexible electronics and as energy harvesting and storage material.
Among various methods of material property interrogation using probe based techniques, there is a paucity of methods for soft-matter investigation. In this paper, we report a method that simultaneously obtains estimates of the stiffness of the material and the energy lost to the sample in the intermittent contact mode operation of AFM, which is among the least invasive modes of probe based interrogation. The temporal resolution of the method is better than that of typical imaging speeds of AFM and, therefore, the estimates of the sample properties can be considered in real-time. Enabled by the new real-time capability of simultaneously imaging stiffness and dissipation in addition to the topography, we provide new insights into the properties of a polymer blend. This study of a polymer blend also indicates the superior lateral resolution of the imaging method, where nanometer sized domains are discernible.
Current AFM methods [2, 3] to determine material properties are predominantly continuous contact methods, where the cantilever is continuously interacting with the sample. In the continuous contact mode, the deflection remains small and the tip-sample interaction is either attractive or repulsive (see figure 1(a) ). Under the assumption of small cantilever deflection, the sample behavior can be linearized. Here, the combined cantilever-sample system can be visualized as an equivalent spring-mass-damper (equivalent cantilever) with an equivalent stiffness and equivalent damping (see figure 1(b) ).
Recently, a continuous contact method called band excitation (BE) was reported to determine material properties at the nanoscale. The BE method has found widespread application [4, 5] . Here, the cantilever is excited with a continuous band of frequencies near resonance, while keeping the cantilever deflection small. A second-order model is fit to the measured response, which provides the parameters of the equivalent cantilever that represent the cantilever-sample system. The spatial resolution is dictated by the size and the distance between the pixels while the temporal resolution is limited by the large time spent at each pixel. Another recent continuous contact method [3] which offers substantial improvement in terms of bandwidth over BE uses dual AC resonance tracking (DART [6] ) to estimate the equivalent parameters in the contact resonance mode of the AFM. In this method, the tip-sample contact is excited simultaneously at two frequencies on either side of the contact resonance (resonance in the case of small amplitude cantilever oscillation). These methods being contact mode are relatively harsh to the sample and are not ideally suited for soft-matter investigation. To date there are no methods that provide real-time simultaneous estimates of the dissipation and stiffness of material and are amenable to the intermittent contact (dynamic) mode operation of AFM [7] . The intermittent contact mode (also known as Tapping Mode TM ) is a prevalent means of investigating the properties of soft-matter.
In the intermittent contact mode of AFM operation, the cantilever is oscillated with large amplitudes by a sinusoidal dither forcing at the base of the cantilever. Here the cantilever tip interacts with the sample intermittently every oscillation cycle, thus exerting extremely low lateral and frictional forces on the sample. The intermittent contact mode is gentler and less invasive, but it poses new challenges. Figure 1 (a) highlights how interaction forces felt by the cantilever differ in the intermittent and continuous contact modes. In this mode, linearization of tip-sample interaction is not applicable as the tip traverses the entire non-linear interaction curve ( figure 1(a) ). Nevertheless, the notion of net attractive and net repulsive interaction force can be introduced. It can thus be argued that the net affect of the interaction force can either decrease (net attractive) or increase (net repulsive) the equivalent stiffness of the cantilever-sample system depending on the relative strength of attractive and repulsive forces [8] . Here, as the sample is raster-scanned in relation to the oscillatory cantilever, the amplitude and the phase of the first harmonic component (of the forcing frequency) of the cantilever trajectory are used to probe properties of the sample (see figure 2) , including the topography. In existing studies, the phase of the first harmonic component of cantilever oscillation with respect to the dither forcing is heavily relied upon to gauge material properties, particularly the dissipation properties of the material. However, it is known that the phase can lead to ambiguous interpretations of the dissipation properties of material [9, 10] .
Systems based principles have resulted in unparalleled results for the advancements in atomic force microscopy [11] [12] [13] [14] . In this paper, these principles are used to develop a method for determining dissipation losses to the sample and stiffness of the material. This paper builds on the recent work by the authors (see [15] ), where a method called recursive estimation of equivalent parameters (REEP) was reported. Here [15] , the cantilever with a single sinusoid excitation (with large amplitude oscillation in the Figure 2 . In dynamic mode AFM, the cantilever is externally excited at the first resonant frequency of the cantilever flexure. The amplitude and phase at the forcing frequency (a and θ in the figure) are monitored to infer sample topography. A controller can be used to position the cantilever tip with respect to the sample in the z direction to regulate a set-point amplitude a 0 , in which case the control signal provides the image. range 24-200 nm) under the non-linear interaction with the sample is modeled as an equivalent cantilever (see [16, 17] ). However, the equivalent cantilever parameters are estimated using a multitone excitation employing a recursive least squares method. The sensitivity of the equivalent parameters to topography was the main focus of this study. In this paper, we demonstrate that the equivalent parameter model under a multitone excitation remains valid. Toward this goal, we extend existing knowhow on averaging theory for periodically forced cantilevers, in a dynamic mode AFM operation, to a multitone excitation where the forcing is no longer periodic and thus periodic averaging theory is no longer applicable. Furthermore, we demonstrate that the estimates of the sample stiffness and dissipation can be obtained in real-time.
Before proceeding further, we note that the dissipation determined using the above methods, including the one to be presented here, cannot be taken as a direct measure of the intensive dissipation property of the material. Even if the viscoelastic dissipation properties (rate-dependent mechanical response) do not differ much between two samples, non-mechanical differences, such as molecular freedom at the surface and Hamaker constant of tip-sample interaction (which relates to the mutual polarizability of pairs of interacting atoms), can affect the total dissipation, which also contribute to adhesion hysteresis [8] . Thus probe based methods determine total dissipation occurring due to overall tip-sample interaction, having both bulk and interfacial sources of dissipation.
Materials and methods

Numerical simulation
All equations and models were simulated using custom codes in MATLAB. Standard ordinary differential equation (ODE) solvers of MATLAB were used. All the off-line data was captured through National Instrument's (NI) data acquisition card using LabView.
Sample
Two polymer systems were primarily used; a blend of poly(butyl methacrylate) and poly(lauryl methacrylate) (PBMA-PLMA) and a triblock copolymer of poly(styreneblock-isobutylene-block-styrene) (PS-PIB-PS or SIBS). For the PBMA-PLMA case, the solution was 15 mg ml −1 of total polymers in tetrahydrofuran. The relative polymer concentration was 75-25 for PBMA-PLMA. The polymer was spin-coated onto a silicon wafer from the solution, under ambient conditions, to produce a film thickness of ≈1 µm, followed by ambient drying. The relative polymer concentration for SIBS was 17:83 for PS:PIB with MW = 103 000. The polymer was again spun under ambient condition onto silicon wafer from 20% toluene solution, to produce a film thickness of ≈1 µm, and dried in vacuum at 110 • C for 2 h. The SIBS film was additionally annealed overnight in the solvent vapor (small beaker of solvent under inverted larger beaker) to produce more pronounced phase segregation into cylindrical PS domains that lie predominantly parallel or perpendicular to the surface.
Atomic force microscopy
All experiments were performed on a commercially available AFM, MFP-3D from Asylum Research. Two Olympus cantilevers, AC240 (typical spring constant of 2 N m −1 and resonant frequency of 70 kHz) and AC160 (typical spring constant of 42 N m −1 and resonant frequency of 300 kHz) were used. Both cantilevers were rectangular shaped, had silicon tetrahedral tips with a typical radius of 7 nm and aluminum coating on the reflex side. For imaging, a closed loop x-y nano-positioning system was used to raster scan the sample. A z-piezo was used to position the cantilever tip vertically with respect to the sample to regulate a set-point amplitude. The same z-piezo was also used to generate 'approach-retract cycle' [8] curves where the cantilever was first moved closer to the sample in the approach phase and then away from the sample in the retract phase.
Theoretical considerations
Arriving at the equivalent cantilever model
A first mode approximation of the cantilever dynamics results in a spring-mass-damper model of the cantilever where the sample forces are felt by the mass. For small deflections of the mass, the sample's influence can be modeled as a spring (with stiffness k s ) and a damper (with damping c s ), where the stiffness of the spring is given by the local slope of the curve that relates the interaction force and the cantilever-sample separation (see figure 1(b) ). Here the cantilever-sample system can be envisioned to be an equivalent cantilever (another spring-mass-damper system) with changed parameters, such as the stiffness changing from k to k + k s .
In the case where the cantilever oscillations are large, the cantilever tip explores a considerable portion of the tip-sample non-linearity, which does not allow for a linearized Figure showing that using averaging theory, the cantilever being forced byg(t) and the tip-sample separation dependent forceφ with the tip deflection p(t) can be viewed as an equivalent cantilever with changed resonant frequency f e and quality factor Q e being forced byg(t) resulting in the deflection p(t) (with no sample forceφ).
approximation of the tip-sample interaction. However, under sinusoidal forcing it is still possible to arrive at an equivalent cantilever model of the combined cantilever-sample system by appealing to averaging theory (see figure 3 and [9] ). Here, the second-order dynamics of the cantilever-sample system is given by
where p(t) is the instantaneous cantilever position, m is the mass, k is the spring constant andc is the damping coefficient of the first modal approximation of the cantilever; g(t) is the dither excitation andφ(p,ṗ) is the force due to non-linear tip-sample interaction. Let ω 2 := k/m be the resonant frequency. Assuming that the dampingc, forcingg, and the tip-sample interactionφ are small, we definec = c,g = g andφ = φ, where is a small parameter. It follows from equation (1) thaẗ
Defining a change of coordinates from (p,ṗ) → (a, θ ) via
and differentiating the relations in equation (3) with respect to time, the dynamics in the changed coordinates is given bẏ
Evidently the dynamics in equation (4) is time varying and non-linear. In the case of single frequency excitation (g(t) = E sin ωt), the dynamics of equation (4) is periodic with period (2π/ω). Application of first-order periodic averaging [18] to the non-linear time varying dynamics of equation (4) results in the averaged time-invariant dynamics as described below (where with some abuse of notation the averaged amplitude and phase are also represented by a and θ ):
where
0φ (a cos ψ, −aω sin ψ) cos ψ dψ and d = (1/2π ) 2π 0φ (a cos ψ, −aω sin ψ) sin ψ dψ. By reverting the averaged dynamics (equation (5)) in the (a, θ ) coordinates to the original (p,ṗ) coordinates, the following equation can be shown to hold
The above dynamics describes an equivalent cantilever with changed resonant frequency ω e and damping c e (depending on the slowly varying parameter a) with no non-linear tip-sample interaction ( figure 3 ). The equivalent stiffness is defined as k e := mω 2 e and the equivalent quality factor as Q e := √ k e m/c e . It follows from equation (6) , that the change in the stiffness and damping coefficient are given by − (2/a)¯ c and (2/aω)¯ d respectively.
To verify the equivalent cantilever model (equation (7)), simulations using a piece-wise linear model [17, 19] of tip-sample interaction and cantilever modeled as a secondorder system with f 0 = 70 kHz and Q = 200 were performed. The model of the intermittent contact mode dynamics with the piece-wise linear model is described in figure 1(c) . The negative spring accounts for the long-range attractive forces and the positive spring accounts for the short-range repulsive forces. The dampers account for the energy dissipation in the sample and the variable l characterizes the tip-sample separation. It can be summarized as,
For these simulations, the free air amplitude (amplitude of the cantilever deflection when cantilever is not interacting with the sample) was chosen to be 24 nm, and the mean tip-sample separation (l) was varied from 24 to 20 nm (approach phase) and back to 24 nm (retract phase) linearly with time. Such a measurement of the different aspects of the cantilever trajectory while linearly decreasing and then increasing the tip-sample separation is called a 'force curve' or 'approach-retract cycle'. Figure 4 shows simulation results that provide strong corroboration that the amplitude trajectories of the averaged dynamics (equation (5)) provide a good approximation to that of the original dynamics of equation (4).
Deriving sample properties from equivalent cantilever parameters
It is evident that from the knowledge of the nominal parameters (k,c and ω), the equivalent cantilever parameters (k e and c e ), and the amplitude a, it is possible to determine¯ c and¯ d (see equation (6)). As¯ d characterizes the difference between the equivalent damping and nominal damping (where sample is absent) and¯ c characterizes the difference between the equivalent resonant frequency and nominal resonant frequency (which relates to the stiffness), we can view¯ d and¯ c as characterizing the dissipative and conservative properties of the sample respectively. As¯ d is the dissipation force per cycle,¯ D := aω¯ d is the energy dissipation per cycle. Furthermore, it can be shown that within an order
where − (1/T) T 0 φ(p,ṗ)ṗ dt denotes the average power per period dissipated by the sample whereas (1/T) T 0 (c e −c)ṗ 2 dt denotes the average power lost by a viscous damper in a spring-mass-damper system with damping coefficient (c e − c). Thus the average power lost to the sample is equal to the average power lost by an equivalent viscous damper with coefficient (c e −c), which is also equal to¯ D . This further bolsters the equivalent cantilever description. It immediately follows from this discussion that if the sample is conservative then¯ d = 0. A similar interpretation holds for¯ c (see [20] ) where the notion of reactive power in electrical circuits is generalized to mechanical systems and it can be shown that c represents the average reactive power.
Formulation of equivalent cantilever parameters estimation as system identification
To determine¯ c and¯ d from equation (6) , it is essential to determine the equivalent resonant frequency ω e and damping c e . We see that the equivalent cantilever parameters (equation (6)) depend on the slowly varying amplitude a.
It follows that if the estimation scheme is fast compared to the evolution of the amplitude dynamics, then the dynamics described by equation (7) is a linear and time-invariant system in the estimation time scale. Thus the problem of estimating equivalent cantilever parameters is transformed to identification of a linear time-invariant system (equation (7)) with the caveat that the estimation time scale should be shorter than the time scale of amplitude dynamics. In [15] , the authors have reported a method (the REEP algorithm) for recursively estimating the parameters of a second-order system (equation (7)). It was observed experimentally and through simulations [15] that with mono-frequency excitatioñ g(t) = E sin ωt it was not possible to estimate the parameters of the second-order system (equation (7)) within the desired time scale. It was concluded that multi-frequency forcing will make the estimation process more robust and faster and thus the excitation signal was chosen of the form,
The magnitudes γ + and γ − and the sideband frequencies (ω ± ω) are chosen to ensure that the trajectory of the cantilever is minimally altered when compared to the single frequency excitation while facilitating robustness in parameter estimation. It was shown in [15] that this is indeed possible and thus the entire operation maintains a dynamic mode behavior.
The need forg to be richer than a single sinusoid implies that it is difficult to haveg to be periodic and thus first-order periodic averaging [18] is no longer applicable. Thus, the validity of the equivalent cantilever approximation has to be analyzed under the new excitation, which has multitones. We now analyze how much multitone excitation affects the equivalent cantilever model.
Multitone excitation
By using tools from [18] , we derive the equivalent cantilever concept for multitone excitation. The result is summarized in the following theorem.
Theorem 3.1. Consider the dynamic system given by equation (2) with forcingg(t) = A sin γ t + B 1 sin(γ − α)t + B 2 sin(γ + α)t, where γ is such that
with α = O( ). Then the system can be approximated by that of a linear system with equivalent damping coefficient c e (a) and equivalent resonant frequency ω e (a) (as in equation (7)) forced by a input of the formg(t) with an error of O( ) on the time scale 1/ .
In the derivation of the theorem, we again perform a change of coordinates via equation (3), and after some trigonometric manipulations obtain
Here F is a sum of finite periodic vector fields (as shown in equation (A.7) ). We now introduce a new independent variable τ = αt, where the dynamics can be written as
with appropriate initial conditions. As it is shown in appendix that F is periodic in t over 2π/γ , we can average the system over t keeping τ constant, which gives the averaged equations
or
F() dt. It follows from [18] that a av (t)−a(t) = O( ) and θ av (t)− θ(t) = O( ) on the time scale 1/ . After averaging F over the period 2π/γ , and again with the approximation 2γ ≈ γ + ω, we arrive at the averaged equations, given bẏ
where ω e and c e are again given by equation (6) . Comparing equation (14) to equation (5), the effect of multiple sine excitation is clear in terms of extra terms in the (a, θ ) dynamics. As in the case of single sinusoid excitation, by reverting the dynamics of equation (14) in the (a, θ ) coordinates to the original (p,ṗ) coordinates, equation (7) can be recovered. This corroborates the equivalent cantilever model for multitone excitation and consequentially the validity of the REEP algorithm. Even with the multitone input, we see that the relationship between the equivalent parameters (ω e and c e ) and sample properties (through¯ d and¯ c ) remain unchanged. Further simulations were done to validate these result using the piece-wise linear model of equation (8) . The free air amplitude was again chosen to be 24nm, and square pulses of 1 nm to the tip-sample interaction length was given as a sample. Equations (5) and (14) were solved simultaneously and the difference in trajectories determined via averaged equations; the results of a comprehensive non-linear simulation are described in figure 5 . It is seen that the steady state rms error of multitone averaging equations is less (≈60% less) when compared to the mono-frequency averaging equations. A detailed derivation of the theorem 3.1 is given in supporting material.
Recursive estimation of equivalent parameters
In the previous section, the concept of equivalent cantilever was corroborated for the multi-frequency excitation which is required for estimation of equivalent parameters. Now, we present the details of the REEP algorithm. A general schematic of REEP [15] setup is shown in figure 6 . The cantilever is excited with a sum of three sinusoids via dither piezo. Apart from the central frequency of excitation (which is at or close to the first modal resonant frequency of the cantilever), two side frequencies are chosen to provide enough frequency content to the deflection signal ascertaining the fast convergence of recursive algorithm. Amplitudes of these side bands are set such that the orbit of the cantilever deflection does not differ much from nominal dynamic mode operation. A general discretized second-order dynamics that represents the equivalent cantilever can be written as,
where p(n) and g(n) denote the cantilever deflection and dither forcing at sampled time t = nT s where T s is the sampling interval, a i 's and b i 's are respectively the numerator and denominator of the second-order discrete model of the equivalent cantilever and ϑ(n) is zero mean white measurement noise with variance σ 2 ϑ . On identification of the equivalent cantilever (plant) at different levels of tip-sample interaction, via frequency sweep, it was observed that the coefficients a 2 , a 1 and a 0 , which capture the delays in the system, do not change much and contribute to the response of system at frequencies considerably away from the cantilever resonance. Subsequently the values of a 2 , a 1 and a 0 are fixed to the Figure 6 . (a) Schematic of the REEP setup using a sum of three sinusoids as the drive signal to the cantilever. Two side frequencies are chosen such that the orbit of the cantilever deflection does not differ much from the tapping mode operation. (b) Modeling the cantilever-sample interaction in tapping mode operation as a Ginterconnection, where G(iω) is the second-order cantilever beam model and is the non-linear tip-sample force. g(t), z(t), ϑ and p(t) are the dither forcing, the sample height profile, the measurement noise and measured cantilever deflection respectively. The BCEWRLS algorithm takes g(t) and p(t) as input and provides the estimates of the equivalent resonant frequency, f e , and quality factor, Q e (which can be used to calculate k e and c e directly), of the cantilever in real-time.
sample-free model values and b 1 , b 0 are the remaining parameters to be estimated. Equation (15) can be written as
where θ represents the vector of unknown parameters and z(n) = p(n) − a 2 g(n) − a 1 g(n − 1) − a 0 g(n − 2). At any time instant t = nT s , past data z(k) and φ(k) for k = 0, 1, . . . , n are available. In [15] , an estimateθ LS of θ was determined recursively by solving an exponentially weighted least square problem. Here e(n) is correlated and it depends on ϑ(n), ϑ(n − 1) and ϑ(n − 2), which results in the estimatê θ LS (n) converging to θ within a bias. This generates a need to derive a suitable bias correction term for the estimation. Using the principle from a recently reported method [21] for a bias compensated recursive least square, a bias compensated exponentially weighted recursive least squares (BCEWRLS) method was developed, as a handle on the convergence rate of the parameter estimates is also required. Derivation of the entire algorithm is included in a manuscript in preparation, which is attached, for submission to IEEE Transactions on Circuits and Systems.
Verification of the REEP estimates
To verify the convergence of REEP estimates to the actual equivalent parameters, simulations were performed using the piece-wise linear model (equation (8)) of tip-sample interaction. In the simulation environment, we have access to the non-linear forcing, the instantaneous amplitude, and cantilever's natural parameters, which can be used to calculate the equivalent parameters at different tip-sample separation from equation (6) . Since REEP and averaging theory are two separate methods to find the equivalent parameters, their comparison can be used to validate both or either of the two theories.
For simulations, the off-sample cantilever model was assumed to have a resonant frequency of 80.318 kHz, a quality factor of 168 and a free air amplitude of 28 nm. For the results provided here, non-linear tip-sample force parameters were chosen such that interaction was predominantly repulsive. Tip-sample separation was reduced from 28 nm to 8 nm and then increased back to 28 nm in the approach-retract cycle. Figure 7 shows the phase, estimated resonant frequency and estimated quality factor versus amplitude in the approach-retract cycle performed. As the tip-sample interaction force changes from net attractive to significantly net repulsive, a sudden jump in the cantilever model between stable branches of the net attractive and net repulsive occurs, which is visible in figure 7 . The blue curve estimates are obtained using the REEP algorithm and the red curve estimates are obtained analytically using the equations of averaging theory. It can be seen from these plots that the two independent equivalent resonant frequency and quality factor estimates match quantitatively. The slight deviation between the two estimates at low set points of amplitude is most likely because the averaging theory is valid under gentle interactions that might not hold at low setpoints. Simulations were also done for the two cases when the interaction is predominantly attractive and when the interaction is neither predominantly attractive nor repulsive. They showed similar agreement as well, as seen from figures B1 and B2 (provided in supporting information available at stacks.iop.org/Nano/24/ 265706/mmedia).
Off-line experimental results
Here a silicon cantilever, AC240TS, from Olympus with resonance frequency 78.837 kHz and spring constant 2 N m −1 (calculated using equi-partition method after taking a thermal response) was used to evaluate the efficacy of the method. Experiments were performed on different polymer samples and the dither and deflection signals were sampled at a) phase (b) equivalent resonant frequency and (c) equivalent quality factor of the cantilever versus amplitude curves during the approach-retract cycle of the tip-sample separation. The phase plot indicates that the tip-sample interaction is net attractive at low interaction levels while it is net repulsive at higher interaction levels during the approach-retract cycle. The cantilever amplitude also jumps from the stable attractive branch to the stable repulsive branch and vice-versa during the force curve. This behavior is consistent in all the three figures. The jump locations and magnitudes are also captured in both the algorithms. Red plots are obtained from averaging theory while the blue plots are obtained from the REEP algorithm. 500 kHz simultaneously. The sampled data was used to obtain estimates of k e and c e off-line on MATLAB. Equation (6) was used to calculate¯ d and¯ c . The sampled deflection signal was demodulated in MATLAB and the instantaneous amplitude was used to determine¯ D . Figure 8 (a) plots D versus amplitude during an approach-retract cycle for two different polymers, PBMA and PLMA. It shows the agreement between the power dissipated as estimated by REEP and via analytical means [22] for experimental data obtained for both polymers. The data confirms that the REEP method does indeed provide good estimates of the power dissipated.
The real utility of the REEP algorithm is the simultaneous determination of the local stiffness of the sample and the local dissipation, which is evident in the˜ c and˜ d images of a SIBS (see section 2) block copolymer (see figures 8(c) and (d)), where the data was collected off-line and the equivalent parameters estimated off-line.˜ c and˜ d were determined from the equivalent parameters. The net power dissipated due to interaction with the sample depends on the extent of the sample deformation caused by the intermittent contact with the tip; more compliant samples will lead to large deformation whereas stiffer samples will lead to smaller deformation. Thus the contrast in the phase image is a combination of the intensive dissipativity and the compliance of the material. The experimental data in figure 8 indicates that the contrast in the phase image is caused by the different stiffness of styrene and isobutylene and less likely due to changes in intensive dissipative properties. These results indicate that simultaneous determination of local stiffness and damping will enable new capabilities toward understanding material properties. It is to be noted that this is the first time both dissipative as well as conservative power (also, the local stiffness and local damping coefficient) are being obtained in a dynamic mode investigation.
As mentioned earlier, the rate of convergence of estimates of the equivalent parameters is faster than the rate of evolution of amplitude dynamics, this facilitates real-time estimation of these properties. Real-time implementation of the algorithm on a hardware module is presented next. 
Real-time implementation
Over the course of multiple experiments, cantilever dynamics change and often the cantilever has to be changed. It is desirable to have the ability of changing the module parameters in an easy fashion to incorporate any change in the cantilever dynamics. The FPGA based solution offers reconfigurable hardware which facilitates design reuse and a high-bandwidth implementation. The design parameters can be changed easily. Xilinx Virtex 2-Pro30 board from Avnet Inc. was used to implement the algorithm. Figure 9 provides a schematic of various blocks of the module which were synthesized. A brief description of each block is given below.
Individual blocks
• REEP Block: This is the main block running the recursive algorithm.
• Biquad Filters: For input conditioning, two high-pass filters were needed. Mostly to remove any drift and/or DC bias in the inputs (deflection signal and dither forcing). Two low-pass filters to remove high-frequency content of estimated b 0 and b 1 were also needed. Total of 4 biquad filters (based on Sallen-key architecture) were implemented.
• ω e − Q e block: This block implements equation of converting discrete parameters, b 0 and b 1 , to continuous time estimates of equivalent resonant frequency ω e and equivalent quality factor Q e .
• ADC and DAC blocks: Analog-to-Digital Converters (ADC) and Digital-to-Analog Converters (DAC) were used to interface Digital Hardware with Analog signals of AFM.
Due to the need for high precision, algorithm was implemented in floating point representation using the open source floating point library FPLibrary-v0.94. In section 6, we document testing of the module while imaging PBMA-PLMA polymer blend with MFP-3D.
Experiments and results
Experiments were performed on PBMA-PLMA polymer blend. An Olympus cantilever (AC160TS) with resonance frequency 334.7 kHz, spring constant 36 N m −1 (determined using the thermal response of the cantilever) and quality factor of 491 was used on a MFP-3D, AFM. The FPGA module with a closed-loop bandwidth of 1.5 MHz was able to estimate the parameters of the equivalent cantilever accurately. Figures 10(a) and (b) show a comparison of the parameters as estimated off-line using MATLAB and as estimated by the FPGA based real-time module. The results show a good match on the estimation of the equivalent resonant frequency f e (=ω e /2π ) and equivalent quality factor Q e determined while performing an approach-retract cycle on the PLMA polymer. Here, the dither excitation signal consisting a sum of three sinusoids was generated externally and fed to both the AFM and the FPGA. The deflection signal from AFM was buffered and supplied to the FPGA.
For imaging purposes, internal data acquisition channels of MFP-3D were used to save the two estimated parameters along with height, amplitude and phase image. Once the imaging was done,¯ c and¯ D images were directly obtained from f e , Q e and amplitude images using simple arithmetic of equation (6) . For the three polymer domains, an estimate of the average stiffness and dissipation values was determined from the¯ c and¯ d values at ten different locations of each domain. Figures 11(a) and (b) plots the mean together with the standard deviation of¯ c and¯ d respectively for each of the three domains. Both types of PLMA domains showed higher dissipation than PBMA as seen from figure 11(b), which is consistent with the observation in [23] . As evident from figure 11(a), PLMA domains showed relatively lower contact stiffness compared to PBMA, which is expected as PLMA is rubbery at room temperature whereas PBMA is glassy. Unexpectedly, intermediate size PLMA domains show relatively higher stiffness. We speculate that the higher stiffness of the intermediate sized PLMA domains is due to sub-surface PBMA. We will investigate the reasons for the unexpected higher stiffness of intermediate sized PLMA domains by using the real-time module to estimate the stiffness for different levels of tip-sample interaction (different levels of tip-sample interaction can be achieved by altering the set-point amplitudes).
From these experiments, it is established that the developed module is able to provide real-time simultaneous estimates of stiffness and dissipation properties of the sample. We remark that the traditional images of height, phase and amplitude can be simultaneously obtained together (shown in figure B3 included in SI available at stacks.iop.org/Nano/ 24/265706/mmedia) with the stiffness and dissipation images. Such a capability provides a rich source for researchers to interpret and discern material properties and to discern sources that lead to these properties.
Conclusion
Recent capabilities of controlling matter at the nanoscale have lead to new possibilities of achieving functionality of material with hitherto unparalleled specificity. Such a quest for designing material at the nanoscale has provided renewed urgency for real-time methods for determining material properties at the nanoscale. Probe based instruments have a spatial resolution that is well suited for nanoscale interrogation. However, currently there is a lack of methods for soft-matter investigation with temporal resolution compatible with real-time needs. In this paper we report a method for simultaneously determining elasticity, dissipativity, and topography of material at the nanoscale in real-time in a dynamic mode operation of atomic force microscopy, which renders it suitable for soft-matter investigation. We demonstrate that averaging/perturbation analysis can be fruitfully employed to envision the possible complex system of a probe interacting with the sample as a linear and time-invariant (LTI) system with parameters that are governed by the dissipation and stiffness of the material. Such a model holds in a time scale smaller than that of the amplitude dynamics. Furthermore we have demonstrated that a real-time adaptive estimation of the parameters of the model can be realized within the time-scale in which the LTI assumption holds. We have demonstrated the efficacy of the method, which is implemented on a FPGA based hardware module for imaging a polymer blend. The preliminary study of the polymer blend illustrates the new found capabilities for soft-matter research made possible by the methods developed here.
The equivalent LTI model and the time-scale of its validity might also allow for determination of material properties such as electrical and thermal properties. Moreover, recently, multiple modes of the cantilever flexure are being employed for nanoscale investigation. The paradigm developed in this paper along with the recent work on higher mode contributions [24] provides a framework for generalizing the methods developed here for such extensions and is a topic of future research.
Appendix. Proof of theorem 3.1
Equation (2) Here f (p,ṗ) = f (a cos(γ t + θ ), −aγ sin(γ t + θ )) is periodic with period 2π/γ . Equation (A.3) is exact, that is there are no approximations, and the vector field is the sum of finite periodic fields, that is: ȧ θ = − F(a, θ, t) =:
where F is sum of finite periodic vector fields. Thus averaging applies. Now, with appropriate initial conditions. As F is periodic over 2π/γ , we can average the system over t, keeping τ constant, which gives the averaged equations where the equivalent damping coefficient c e and resonant frequency ω e are again given by equation (6) . The solution is equivalent to that of a linear system with damping coefficient c e and resonant frequency ω e forced by a input of form g(t), thus further bolstering the equivalent cantilever concept for multitone excitation.
